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Background: To investigate whether the higher risk of adverse health outcomes associated 
with a lower physical capability in adulthood differs by deprivation levels.  
Methods: 279,030 participants from the UK Biobank were included.  Handgrip strength and 
walking pace were the exposures. All-cause mortality, CVD mortality and incidence were the 
outcomes. Townsend deprivation index was treated as a potential effect modifier. The 
associations were investigated using Cox- regression models with years of follow-up as the 
time-varying covariate. 
Results: A significant interaction effect between deprivation and handgrip strength was found 
for all-cause mortality (p=0.024), CVD mortality (p=0.006) and CVD incidence (p=0.001). 
The hazard for all-cause mortality was 1.18 [1.09; 1.29] per 1-tertile higher level of grip 
strength in the least deprived group, whereas the risk per tertile increment in grip strength was 
1.30 [1.18; 1.43] in the most deprived individuals. Similar results were found for CVD 
mortality and incidence per tertile increment in hand grip strength in the least and most 
deprived quintiles, respectively. No significant interactions between deprivation and walking 
pace were found for any of the outcomes.  
Conclusion 
Low handgrip strength is a stronger predictor of morbidity and mortality in individuals living 
in more deprived areas.  




Recent observational studies have provided robust evidence that better physical capability 
(handgrip strength and walking speed) in older age (>60 years) is associated with lower 







































. Similarly, in middle-aged adults (40-69 years) from the UK Biobank cohort, walking pace 
(Celis-Morales, et al., 2019; T. Yates et al., 2017) and handgrip strength (Carlos A. Celis-
Morales, Donald M. Lyall, et al., 2018; C. A. Celis-Morales et al., 2018; Pavasini, et al., 2018) 
were inversely associated with all-cause and CVD mortality, and a broad range of other health 
outcomes. Therefore, implementing these simple and low-cost tests of physical capability in 
clinical settings may have prognostic value in identifying people at higher risk of disease 
(Carlos A. Celis-Morales, Paul Welsh, et al., 2018).  
 
Physical capability in adulthood is likely to be influenced by genetic factors (Willems et al., 
2017) and lifetime exposure to lifestyle behaviours (physical activity, dietary patterns, 
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etc.)(McGrath, Kraemer, Snih, & Peterson, 2018), which could explain the strong associations 
between tests of physical capability and health outcomes. However, reverse causality (i.e. 
undetected pathology that leads to lower physical capability) could also explain the strong 
associations seen in observational studies.(Cooper, Strand, Hardy, Patel, & Kuh, 2014) 
Furthermore, socioeconomic factors shape the trajectories of physical capability during the 
ageing process. In 109,107 adults from 24 countries, lower occupational class was associated 
with the loss of four to seven years of good physical functioning at age 60 years compared to 
higher occupational class (Stringhini et al., 2018). The greater loss of physical capability 
observed among the lower occupational class may be due to worse environmental and 
behavioural factors compared with more socially advantaged groups. For example, in 2,093 
middle-aged adults, unhealthy behavioural risk factors (obesity, physical inactivity and 
smoking) were associated with an increased risk of decline in physical capability (handgrip 
strength and chair rise speed) assessed at ages 53 and 60-64 years (Cooper, Muniz-Terrera, & 
Kuh, 2016). In addition, a differential susceptibility effect, where more deprived groups are 
more susceptible to the effects of harmful exposures, could help explain the poorer outcomes 
in these groups (Diderichsen, Hallqvist, & Whitehead, 2018; Foster et al., 2018). For example, 
a recent study conducted with UK Biobank data found a differential effect of a lifestyle score, 
including traditional and emerging risk factors such as sedentary behaviours and sleep duration,  
on all-cause mortality and cardiovascular disease risk for individuals with varying levels of 
deprivation (Foster, et al., 2018). 
 
To our knowledge, there has been no previous examination of differential susceptibility effects 
of reduced physical capability across levels of socioeconomic deprivation. In the current study, 
using data from UK Biobank, we investigated whether the association of lower physical 
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capability (handgrip strength and walking pace) with mortality and cardiovascular diseases is 
modified by deprivation. 
 
METHODS 
Study design and participants 
UK Biobank is a prospective, population-based cohort study involving participants aged 40-69 
years, (n>502,000) recruited between 2006-2010 from centres across England, Scotland and 
Wales. Each participant provided information (self-reported questionnaires) about lifestyle 
factors, had a set of physical measurements and provided biological samples as described 
elsewhere (Palmer, 2007; Sudlow et al., 2015). Participants’ data were linked to mortality and 
disease registries. Further information related to the linkage procedure is available at 
http://www.ic.nhs.uk/services/medical-research-information-service. For the purpose of the 
present study, participants with any self-reported non-communicable diseases (NCDs) at 
baseline were excluded from analyses (depression, bipolar disorder, schizophrenia, alcohol 
problems, substance abuse, eating disorders, cognitive impartment, dementia, Parkinson’s 
disease, chronic pain syndrome, chronic obstructive pulmonary disease, chronic asthma, 




Participants’ date of death was obtained from death certificates provided by the National Health 
Service (NHS) Information Centre in England and Wales; and the NHS Central Register 
Scotland (Palmer, 2007). Hospital admissions were measured using linkage to Health Episode 
Statistics (HES) and the Scottish Morbidity Records. CVD events were defined as hospital 
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admission or death based on ICD10 (International Classification of Diseases, 10th revision) 
codes I60, I61, I63, I64, I21, I21.4, and I21.9. The period at risk per participant began on the 
date of their first assessment. End of follow-up for each participant was recorded as the date of 
death or the date of end of follow-up for the assessment centre attended (censored at 31st of 
January 2016), or the first date of hospitalization for CVD (censored at 31st of January 2015), 
whichever came first. Mortality and incidence outcomes have different censor dates because 
of the difference in the linked data.  
 
Exposure variables 
Participants performed a maximal isometric contraction with each hand while seated upright 
with their elbow flexed at 90° and their forearm facing forward and resting on an armrest. For 
the current analysis, the average of the right and left side values in kilograms was used and 
age- and sex-specific tertiles of handgrip strength were generated (Age and sex specific cut-off 
points are shown in Table S1). Walking pace was self-reported by participants using a touch-
screen questionnaire. Those who were able to walk, rated their usual walking pace as one of 
the following: slow pace (<3 miles /hour); average pace (3-4 miles/hour); and brisk pace (>4 
miles/hour), as described elsewhere (Celis-Morales, et al., 2019). 
 
Covariates 
Sociodemographic factors (age, sex, and ethnicity, professional qualifications, current 
employment status), health behaviours (smoking status, time spent viewing TV, red meat 
intake, processed meat intake, fruits and vegetables intake, oily fish intake, alcohol 
consumption), body mass index (BMI), systolic blood pressure and diagnosis of hypertension 
and medication for CVDs were included as covariates in the current analyses. Dietary 
information was obtained by 24-hour recall questionnaire (OxfordWebQ), which was designed 
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to be administrated for large prospective studies (Liu et al., 2011). Age was calculated from 
dates of birth and baseline assessment. Smoking status was self-reported as: never, former or 
current smoking. Medical history (physician diagnosis of illness) was collected using a self-
reported questionnaire. Height, body weight, waist circumference and total body fat percentage 
(bio-impedance) were measured by trained nurses as described in the online protocol 
(http://www.ukbiobank.ac.uk). Physical activity was self-reported using the International 
Physical Activity Questionnaire (IPAQ short-version). (Guo, Bradbury, Reeves, & Key, 2015) 
Total physical activity was calculated as time spent walking plus moderate and vigorous 
activities, in metabolic equivalents (MET/min/week). Body mass index was calculated as 
(weight/height2) and participants were categorized as: underweight <18.5, normal weight 18.5- 
24.9, overweight 25-29.9 and obese ≥30 kg/m2. Deprivation was determined using the 
Townsend deprivation index, an area-level measure of material deprivation.(Adams, Ryan, & 
White, 2005) Townsend deprivation index scores are derived for postcodes of residence and 
use national census data for car ownership, household overcrowding and ownership and 
unemployment rate and for the purpose this study it was categorised into quintiles, where 
lowest represent the least deprived individuals and the highest quintile represent the most 
deprived individuals.  
 
Statistical analyses 
We investigated the associations of handgrip strength and walking pace with cause specific 
incidence and mortality using Cox regression models with years of follow-up as the time-
varying covariate. Results were reported as hazard ratios and 95% confidence intervals. No 
evidence of deviation from linearity was found between exposures and outcomes. Outcomes 
were: all-cause mortality, CVD mortality and CVD incidence (fatal and non-fatal events 
combined). To reduce the chance of reverse causality, all-analyses were landmark analyses 
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with follow-up commencing two years after recruitment thereby excluding participants with an 
event within two years of recruitment. In addition, participants with any self-reported non-
communicable diseases (NCDs) at baseline (n=134,611) were excluded from analyses 
(depression, bipolar disorder, schizophrenia, alcohol problems, substance abuse, eating 
disorders, cognitive impartment, dementia, Parkinson’s disease, chronic pain syndrome, 
chronic obstructive pulmonary disease, chronic asthma, chronic liver disease, hypertension, 
heart disease, stroke, inflammatory diseases, arthritis and cancer). 
 
The primary exposures of interest were handgrip strength and walking pace. Grip strength was 
categorised in age- and sex-specific tertiles whereas walking pace was based on three self-
reported categories (brisk, average, and slow). For the Townsend deprivation index scores, 
quintiles were derived, and the least deprived quintile (quintile 1) was used as the reference 
group, the highest quintile represent the most deprived individuals. Cox regression analyses 
were conducted to investigate the association of deprivation, handgrip strength and walking 
pace with health outcomes.  
To investigate the associations between physical capability and health outcomes by deprivation 
quintiles, we tested for interactions by fitting a multiplicative interaction term between the 
exposure variables (i.e. grip strength tertile * area-level deprivation quintile).  In addition, to 
illustrate the interaction effect we used ordinal coding with the reference group being those 
from the least deprived quintile with highest handgrip strength or brisk walking pace. 
All analyses were adjusted for age, sex, ethnicity, professional qualifications, current 
employment status, smoking, body mass index, red meat intake, processed meat intake, fruits 
and vegetables intake, oil fish intake, alcohol consumption, TV viewing, month of assessment, 
systolic blood pressure, diagnosis of hypertension and medication for CVDs. 
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The proportional hazards assumption was checked visually, as well as based on Schoenfeld 
residuals, and no evidence of violation of the assumption was found. All analyses were 
performed using the statistical software STATA 14 (StataCorp LP). 
 
RESULTS 
Of the 502,628 participants recruited to UK Biobank, we excluded 134,611 participants who 
reported a NCDs diagnosis at baseline and 39,447 participants who developed an event within 
the first 2 years after recruitment. After also excluding participants with missing data for 
exposure variables or covariates 279,030 participants were included for analyses. The mean 
follow-up period was 4.9 years after the landmark period (ranging from 3.3 to 7.9) for all-cause 
and CVD mortality, and 4.1 years (ranging from 2.4 to 7.0) for CVD incidence.  
 
Table 1 summarises cohort characteristics stratified by deprivation quintiles. In summary, 
people living in the most deprived areas had a higher prevalence of current smoking and obesity 
(BMI≥30·0 kg/m2), reported a higher amount of physical activity (MET-h/week) and a lower 
prevalence of daily alcohol intake compared with those living in the least deprived areas. The 
main characteristics of participants stratified by handgrip strength tertiles and walking pace 
categories are shown in Table S2 and S3, respectively.  
 
Higher deprivation, low grip strength and slow walking were all associated with adverse health 
outcomes (Tables S4-S6). Compare to the least deprived quintile those who were classified in 
the highest deprivation quintile had a higher hazard for all-cause mortality (HR: 1.20 [95% CI: 
1.08; 1.33]), CVD mortality (HR: 1.32 [95% CI: 1.09; 1.62]) and CVD incidence (HR: 1.20 
[95% CI: 1.08; 1.33]) (Table S4). Similarly, individuals classified in the lowest tertile for grip 
strength had a higher hazard for all-cause mortality (HR: 1.60 [95% CI: 1.49; 1.73]), CVD 
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mortality (HR: 1.75 [95% CI: 1.51; 2.02]) and CVD incidence (HR: 1.35 [95% CI: 1.29; 1.40]) 
compared to the highest tertile for strength (Table S5). Compare to brisk walkers those who 
reported a slow walking pace had a higher hazard for all-cause mortality (HR: 1.80 [95% CI: 
1.50; 2.03]), CVD mortality (HR: 2.28 [95% CI: 1.83; 2.82]) and CVD incidence (HR: 1.51 
[95% CI: 1.40; 1.62]) (table S6).   
 
Handgrip strength, area-level deprivation and health outcomes  
As shown in Figure 1 and Table S7, there were interactions between handgrip strength and 
deprivation for all-cause mortality (P=0.024), CVD mortality (P=0.006) and CVD incidence 
(P=0.001). 
In the most deprived quintile, the hazard trend for all-cause mortality per tertile lower strength 
was 1.30 [95% CI: 1.18; 1.43], whereas the hazard trend was 1.18 [95% CI: 1.09; 1.29] per 
tertile lower strength in those individuals who belong to the least deprived quintile (Figure 1). 
Similar interactions, between deprivation and tertiles of grip strength, were found for CVD 
mortality (hazard trend for the most deprived 1.43 [95% CI: 1.09; 1.29] vs least deprived 1.15 
[95% CI: 0.98; 1.36]) and CVD incidence (hazard trend for the most deprived 1.20 [95% CI: 
1.14; 1.26] vs least deprived 1.11 [95% CI: 1.06; 1.16]) (Figure 1 and Table S7).  
 
Walking pace, area-level deprivation and health outcomes 
As shown in Figure 2 and Table S8, although there was no significant interaction between 
walking pace and deprivation for any of the outcomes of interest (all-cause mortality p= 0.666, 
CVD mortality p=0.062 and CVD incidence p=0.195) the hazard for all-cause mortality, CVD 
incidence and mortality was higher on slow-walkers from the most deprived quintiles compare 
to those in the least deprived category. Overall, regardless of deprivation levels those 
individuals who reported a slow walking pace compare to brisk and average pace walkers had 
13 
 
a higher hazard for all-cause mortality (hazard ranging from 1.69 to 2.03), CVD mortality 
(hazard ranging from 1.49 to 3.11) and CVD incidence (hazard ranging from 1.37 to 1.71).  
 
DISCUSSION 
The results obtained in this study support the differential influence of deprivation on the 
association of physical capability, specially handgrip strength, with CVD incidence and 
mortality (Diderichsen, et al., 2018); whereby individuals from more socioeconomically 
disadvantaged areas with low handgrip strength have a disproportionately high risk of 
morbidity (CVD incidence) and mortality (all-cause and CVD) compared with their more 
affluent counterparts with low grip strength. To illustrate the magnitude of the differences, 
individuals with lower levels of handgrip strength and who belong to the most deprived sector 
of the population had almost three-times higher risk of dying from CVD compared to those 
individuals with similar levels of grip strength but who belong to the least deprived group 
(hazard for CVD mortality in individuals with low strength was 43% and 15% higher in the 
most vs. least deprived areas, respectively). If these associations are causal, this suggests that 
the population subgroups with the lowest levels of strength and who belongs to the most 
deprived sector of the population, could potentially obtain the greatest benefit from 
interventions aimed at improving strength levels. Conversely, in those with high levels of 
handgrip strength, the adverse association of deprivation on health outcomes were completely 
abolished.  
 
The findings from our study conflict with previous studies on this topic which have been 
conducted mainly in older adults (Gu, Yang, & Sautter, 2016). For example in 13,731 older 
adults (age 65 years and older) Gu et al. (Gu, et al., 2016) examined the moderating role of 
deprivation (using a socioeconomic vulnerability index) in the association between frailty 
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(scored based on 38 items reflecting dimensions of health) and all-cause mortality. The higher 
mortality risk associated with frailty was weaker among the most deprived group, which is in 
direct contrast to our findings. This paradox, a lower mortality risk in the most vulnerable social 
groups, may be an endogenous selection bias caused by oversampling of older individuals 
(almost 75% were 80 years and older) (Infante-Rivard and Cusson, 2018). In support of our 
findings are the data obtained by Singh-Manoux et al. (Singh-Manoux et al., 2007), from 
middle aged French workers (n= 20,404, average age= 44.2 years), where the association 
between self-rated health (considered a valid measure of health status, although not a marker 
of physical capability) and mortality risk weakened with increasing socioeconomic status 
(based on occupational position and income). 
 
Although slow walking pace has been associated with adverse health outcomes (Celis-Morales, 
et al., 2019; Thomas  Yates, et al., 2017), our analyses did not reveal any interaction effect with 
deprivation. Those individuals who reported being slow walkers were at higher risk of all-cause 
mortality, CVD mortality and incidence regardless their deprivation levels. This may be 
explained partially by the self-reported nature of the data as interaction analyses depend on 
some critical assumptions such as a dose-response relationship between exposure and disease 
risk, which are sensitive to misclassification of exposures. To our knowledge, the criterion 
validity of self-reported measurements of walking pace has never been studied in the UK 
Biobank data. Within the UK Biobank cohorts those individuals who reported a brisk walking 
pace were younger, active, fitter and leaner than those who reported a slow walking pace (Celis-
Morales, et al., 2019; Thomas  Yates, et al., 2017). However, there was no evidence of walking 
pace and age interaction, suggesting that the association of walking pace with health outcomes 




Clinical and policy implications 
As previously stated, the adoption and maintenance of healthy behaviours in adulthood (e.g. 
physical activity, the intake of nutrient-dense foods)(McGrath, et al., 2018), as well as early 
life developmental factors (birthweight) (Sayer et al., 2008) or socioeconomic circumstances 
(Cheval et al., 2018) shape the trajectory of physical capability throughout the life course. A 
key question is what type of health strategies should be prioritized to maximize the levels of 
physical capability in the population. Some population health strategies- those reaching the 
whole population- (i.e. increases in taxes for highly processed foods or large investments in 
infrastructure to favour active transport in cities) may be especially effective in the most 
socially deprived groups (Diderichsen, et al., 2018). Targeting “vulnerable individuals” 
(socially deprived) or “high-risk individuals” (with impaired physical capabilities) may 
produce substantial short-term health benefits in some communities. However, empowering 
individuals to make healthy behavioural change in socially deprived areas may not succeed 
long-term, as individual-level interventions do not modify the wider economic, social and 
cultural factors that shape health behaviours.  
 
Strengths and limitations of the study 
The large sample size of UK Biobank alongside with a 2-years landmark analyses and 
exclusion of participants with comorbidities at baseline may contribute to reduce the influence 
of reverse causality, however, these does not guaranty its fully exclusion.  Compared with the 
general population from UK, the UK Biobank cohort is comprised of a more affluent and 
healthy population. However, a recent study reported similar effect sizes in the risk factor 
associations in UK Biobank against UK population representative studies and concluded the 
associations found in UK Biobank are generalisable (Batty, Gale, Kivimäki, Deary, & Bell, 
2020). Despite the richness of data that UK Biobank offers, we restricted our analyses to area-
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level deprivation. Education, another marker of socio-economic status was not included in our 
analyses because this socioeconomic variable was not appropriately captured by questionnaires 
in the UK Biobank. Moreover, household gross income, is another marker of deprivation 
available in UK Biobank but was not included in this study was. Income was self-reported 
while area-level deprivation was obtained from objective sources (postcodes based on 
preceding national census data). Therefore, it is likely that misclassification errors might be 
more common for self-reported income compared with data collected from a UK census 
(employment status, number of household members, household ownership, car ownership) 
which may be less susceptible to social desirability biases. In addition, Townsend deprivation 
scores may provide a more stable measure of socioeconomic position whereas household 
income may fluctuate more over the life course of individuals and could be influence by other 
incomes from the family or partners of the participants which were not reported.  
 
Conclusions 
Low handgrip strength is a stronger predictor of morbidity and mortality in individuals living 
in more deprived areas. Low physical capability could be used to identify populations with the 
highest risk for poor health. Preventive interventions could then be targeted at and tailored for 
those at highest risk. Nonetheless, population health strategies (reaching the whole population) 
are also required to modify the harmful environmental and lifestyle factors that influence 
physical capability.  
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Table 1. Cohort characteristics by Townsend deprivation quintiles  
Variables Townsend index 
 Least deprived 2 3 4 Most 
deprived 
Socio-demographics      
Total, n  62,020 59,757 57,291 54,880 45,305 
Women, n (%)  33,123 (53.4) 32,423 (54.3) 31,584 (55.1) 30,461 (55.5) 24,780 (54.7) 
Men, n (%)  28,897 (46.6) 27,334 (45.7) 25,707 (44.9) 24,419 (44.5) 20,525 (45.3) 
Age, (years) 55.9 (7.88) 55.7 (7.93) 55.1 (8.03) 54.20 (8.08) 53.13 (8.11) 
Professional qualifications, n 
(%) 
   College or University degree  
   A levels/AS levels or 
equivalent 
   O levels/GCSEs or equivalent  
   CSEs or equivalent  
   NVQ or HND or HNC or 
equivalent  

















































Current employment status, n 
(%) 
   In paid employment or self-
employed 
   Retired 
   Looking after home and/or 
family 
   Unable to work (sickness or 
disability) 
   Unemployed 
   Doing unpaid or voluntary 
work 









































Income categories, n (%) 
   More than £100,000 
   £52,000 to £100,000 
   £30,000 to £51,999   
   £18,000 to £29,999 































Ethnicity, n (%)  
   White  
   Mixed background  
   South Asian  
   Black  
   Chinese  




































Smoking status, n (%)  
   Never  
   Previous  





















Body composition      
Weight in kg, mean (SD)  76.82 (14.82) 76.94  (14.95) 77.11 (15.20) 77.27 (15.65) 77.84 (16.13) 
Height in cm, mean (SD)  169.63 (9.24) 169.31 (9.20) 169.12 (9.20) 169.01 
(15.65) 
168.64 (9.23) 
BMI, mean (SD)  26.6 (4.11) 26.7 (4.2) 26.9 (4.4) 26.97 (4.60) 27.31 (5.01) 
BMI Categories, n (%)  
   Under weight (<18·5 kg/m2)  
   Normal weight (18·5-24·9 
kg/m2)  
   Overweight (25·0 to 29·9 
kg/m2)  


























Waist Circumference (cm)  88.23 (12.49) 88.40 (12.57) 88.62 (12.74) 88.89 (12.99) 89.59 (13.33) 
21 
 
Body fat, mean (SD) 30.24 (8.14) 30.47 (8.26) 30.67 (8.35) 30.70 (8.52) 30.90 (8.90) 
Physical activity and sedentary 
behaviour  
     
Total PA (MET-h/week), mean 
(SD) 
41.74 (53.64) 43.70 (57.67) 45.14 (59.90) 46.07 (62.88) 48.48 (69.24) 
TV viewing (h/day), mean (SD) 2.47 (1.35) 2.51 (1.38) 2.51 (1.42) 2.47 (1.47) 2.54 (1.69) 
Dietary intakes      
Alcohol intake frequency 
   Never    
   Special occasions only  
   One to three times a month 
   Once or twice a week 
   Three or four times a week 




































Fruit and vegetables intake 
(g/day), mean (SD) 
330.4 (176.4) 328.7 (175.3) 329.51 (182.4) 330.6 (191.9) 332.3 (215.1) 
Processed meat intake  
   Never 
   Less than 3 portions/week 





















Red meat  
   Never 
   Less than 3 portions/week 






















   Never 
   Less than 1 a week 





















Health status       
Systolic blood pressure in 
mmHg, mean (SD)  





   Cholesterol lowering 
   Blood pressure lowering 






















Data presented as mean (SD) or % (n) for continuous and categorical variables as appropriate. % given as row 
totals. TE: total energy intake–SD: standard deviation–TV: television–BMI: body mass index–PA: physical 







Figure 1. Cox proportional hazard models of the association of handgrip strength with 
all-cause mortality, CVD mortality and incidence and deprivation strata.  
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of handgrip strength and 
area-level deprivation quintiles. The highest category of handgrip strength (tertile 3) and 
lowest quintile for deprivation were used as the reference category. The HR for trend 
indicates the change in the HR by one tertile lower handgrip strength. All analyses were 
restricted to participants with at least 2 years of follow-up. All analyses were adjusted for 
age, sex, ethnicity, professional qualifications, current employment status, smoking, body 
mass index, red meat intake, processed meat intake, fruits and vegetables intake, oil fish 
intake, alcohol consumption, time spent viewing TV, month of assessment, systolic blood 







Figure 2. Cox proportional hazard models of the association of self-reported walking 
pace with all-cause mortality, CVD mortality and incidence and deprivation strata.  
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of handgrip strength and 
area-level deprivation quintiles. Brisk pace walkers and the lowest quintile for deprivation 
were used as the reference category. The HR for trend indicates the change in the HR by one 
category lower walking pace. All analyses were restricted to participants with at least 2 years 
of follow-up. All analyses were adjusted for age, sex, ethnicity, professional qualifications, 
current employment status, smoking, body mass index, red meat intake, processed meat 
intake, fruits and vegetables intake, oil fish intake, alcohol consumption, time spent viewing 
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Table S1. Cut-off points for age and sex-specific grip strength tertiles.  
Sex Age group Low strength Middle strength High strength 
Women <56 years <23 23 – 28 >28 
 56 to 65 years <20 20 – 25 >25 
 >65 years <18 18 – 23 >23 
Men <56 years <38 38 – 46 >46 
 56 to 65 years <35 35 – 42 >42 
 >65 years <33 33 – 39 >39 






Table S2. Cohort general characteristics by handgrip strength levels.  
Variables Handgrip strength tertiles 
  High  Middle Low 
Socio-demographics    
Total, n  97,366 95,960 85,712 
Women, n (%)  53,889 (55.4) 51,152 (53.3) 47,205 (55.1) 
Men, n (%)  43,477 (44.6) 44,808 (46.7) 38,507 (45.0) 
Age, (years)  54.6 (8.1) 54.9 (8.0) 55.1 (8.0) 
Professional qualifications, n (%)  
College or University degree  
A levels/AS levels or equivalent 
O levels/GCSEs or equivalent  
CSEs or equivalent  
NVQ or HND or HNC or equivalent  






















Current employment status, n (%) 
In paid employment or self-employed 
Retired 
Looking after home and/or family 
Unable to work (sickness or disability) 
Unemployed 
Doing unpaid or voluntary work 

























Income categories, n (%) 
More than £100,000 
£52,000 to £100,000 
£30,000 to £51,999   
£18,000 to £29,999 











































Ethnicity, n (%)  
White  
Mixed background  

























Body composition    
Weight in kg, mean (SD)  79.4 (15.6) 76.7 (15.0) 75.1 (15.1) 
Height in cm, mean (SD)  171.0 (9.1) 169.1 (9.0) 167.1 (9.2) 
BMI Categories, n (%)  
Under weight (<18·5 kg/m2)  
Normal weight (18·5;24·9 kg/m2)  
Overweight (25·0 to 29·9 kg/m2)  
















Waist Circumference (cm)  89.0 (12.8) 88.4 (12.7) 88.7 (13.0) 
Body fat, mean (SD) 30.4 (8.4) 30.3 (8.3) 31.1 (8.5) 
Physical activity and sedentary behaviour     
Total PA (MET-h/week), mean (SD) 47.6 (62.2) 44.6 (59.8) 41.8 (58.8) 
TV viewing (h/day), mean (SD) 2.4 (1.4) 2.5 (1.4) 2.6 (1.5) 
Dietary intakes    
Alcohol intake frequency 
Never    
Special occasions only  
One to three times a month 
Once or twice a week 
Three or four times a week 
























Fruit and vegetables intake (g/day), Mean (SD) 335.8 (185.9) 328.0 (185.9) 325.5 (190.2) 
Processed meat intake  
Never 
Less than 1 portion/week 













Red meat  
Never 
Less than 1 portions/week 
3 or more portions/week 
 













Less than 1 a week 













Health status     
Systolic blood pressure in mmHg, Mean (SD) 139.8 (19.4) 138.5 (19.4) 137.3 (19.4) 
Medications 
Cholesterol lowering 
Blood pressure lowering 













High: Tertile 3; Middle: Tertile 2; Low: Tertile 1. Data presented as mean (SD) or % (n) for continuous and categorical 
variables as appropriate. % given as row totals. TE: total energy intake-SD: standard deviation-TV: television-BMI: body 
























Table S3. Cohort characteristics by walking pace categories.  
Variables Walking pace 
  Brisk  Average  Slow  
Socio-demographics    
Total, n  126,469 141,284 11,500 
Women, n (%)  67,370 (53.3) 77,902 (55.1) 7,099 (61.7) 
Men, n (%)  59,099 (46.7) 63,382 (44.9) 4,401 (38.3) 
Age, (years)  54.1 (8.0) 55.5 (8.1) 56.8 (7.9) 
Professional qualifications, n (%)  
College or University degree  
A levels/AS levels or equivalent 
O levels/GCSEs or equivalent  
CSEs or equivalent  
NVQ or HND or HNC or equivalent  






















Current employment status, n (%) 
In paid employment or self-employed 
Retired 
Looking after home and/or family 
Unable to work (sickness or disability) 
Unemployed 
Doing unpaid or voluntary work 

























Income categories, n (%) 
More than £100,000 
£52,000 to £100,000 
£30,000 to £51,999   
£18,000 to £29,999 











































Ethnicity, n (%)  
White  
Mixed background  









































Body composition    
Weight in kg, mean (SD)  74.5 (14.1) 78.9 (15.5) 85.1 (19.3) 
Height in cm, mean (SD)  170.1 (9.2) 168.6 (9.1) 166.2 (9.3) 
BMI, mean (SD)  25.6 (3.7) 27.7 (4.5) 30.8 (6.4) 
BMI Categories, n (%)  
Under weight (<18·5 kg/m2)  
Normal weight (18·5;24·9 kg/m2)  
Overweight (25·0 to 29·9 kg/m2)  
















Waist Circumference (cm)  85.8 (11.8) 90.6 (12.8) 97.1 ( 15.0) 
Body fat, mean (SD) 28.6 (7.8) 31.9 (8.4) 36.2 (9.3) 
Physical activity and sedentary behaviour     
Total PA (MET-h/week), mean (SD) 49.3 (62.3) 42.4 (59.2) 25.8 (45.1) 
TV viewing (h/day), mean (SD) 2.3 (1.4) 2.7 (1.5) 3.17 (1.9) 
Dietary intakes    
Alcohol intake frequency 
Never    
Special occasions only  















Once or twice a week 
Three or four times a week 










Fruit and vegetables intake (g/day), mean (SD) 344.4 (187.3) 318.7 (184.8) 315.4 (205.0) 
Processed meat intake  
   Never 
   Less than 3 portions/week 













Red meat  
   Never 
   Less than 3 portions/week 














   Never 
   Less than 1 a week 










1,527  (13.3) 
8,022 (69.8) 
1,951 (17.0) 
Health status     
Systolic blood pressure in mmHg, mean (SD)  137.0 139.7 141.6 
Medications 
Cholesterol lowering 
Blood pressure lowering 













Data presented as mean (SD) or % (n) for continuous and categorical variables as appropriate. % given as row totals. TE: 
























Table S4. Hazard ratios for the association of deprivation with all-cause mortality CVD mortality and incidence.   1 




2 3 4 5 
(Most deprived) 
All-cause mortality 279245 4087 1.00 (Ref.) 1.03 (0.94; 1.14) 1.10 (1.00; 1.21) 1.23 (1.12; 1.35) 1.20 (1.08; 1.33) 
CVD mortality 279245 1090 1.00 (Ref.) 1.02 (0.85; 1.23) 1.17 (0.97; 1.41) 1.26 (1.05; 1.53) 1.32 (1.09; 1.62) 
CVD incidence  279245 13,466 1.00 (Ref.) 1.06 (1.01; 1.21) 1.06 (1.01; 1.12) 1.08 (1.03; 1.14) 1.14 (1.08; 1.21) 
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of deprivation quintiles. The lowest category of deprivation was used as the reference category. All analyses were restricted 2 
to participants with at least 2 years of follow-up and lack of comorbidities at baseline. All analyses were adjusted for age, sex, ethnicity, professional qualifications, current employment status, 3 
smoking, body mass index, red meat intake, processed meat intake, fruits and vegetables intake, oil fish intake, alcohol consumption, TV viewing, handgrip strength, walking pace, month of 4 
assessment, systolic blood pressure, diagnosis of hypertension and medication for CVDs. 5 
 6 
Table S5. Hazard ratios for the association of handgrip strength with all-cause mortality CVD mortality and incidence.   7 






All-cause mortality 279245 4087 1.00 (Ref.) 1.18 (1.10; 1.28) 1.60 (1.49; 1.73) 
CVD mortality 279245 1090 1.00 (Ref.) 1.25 (1.08; 1.45) 1.75 (1.51; 2.02) 
CVD incidence  279245 13,466 1.00 (Ref.) 1.15 (1.11; 1.20) 1.35 (1.29; 1.40) 
Data presented as adjusted hazard ratio (HR) (95%CI) per age- and sex-specific tertiles of handgrip strength. The highest tertile of strength was used as the reference category. All analyses were 8 
restricted to participants with at least 2 years of follow-up and lack of comorbidities at baseline. All analyses were adjusted for age, sex, ethnicity, professional qualifications, current 9 
employment status, smoking, body mass index, red meat intake, processed meat intake, fruits and vegetables intake, oil fish intake, alcohol consumption, TV viewing, month of assessment, 10 
systolic blood pressure, diagnosis of hypertension and medication for CVDs. 11 
 12 
Table S6. Hazard ratios for the association of walking pace with all-cause mortality CVD mortality and incidence.   13 






All-cause mortality 279245 4087 1.00 (Ref.) 1.10 (1.03; 1.18) 1.80 (1.59; 2.03) 
CVD mortality 279245 1090 1.00 (Ref.) 1.15 (1.01; 1.31) 2.28 (1.83; 2.82) 
CVD incidence  279245 13,409 1.00 (Ref.) 1.10 (1.06; 1.14) 1.51 (1.40; 1.62) 
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of walking pace. Brisk walkers were used as the reference category. All analyses were restricted to participants with at least 14 
2 years of follow-up and lack of comorbidities at baseline. All analyses were adjusted for age, sex, ethnicity, professional qualifications, current employment status, smoking, body mass index, 15 
red meat intake, processed meat intake, fruits and vegetables intake, oil fish intake, alcohol consumption, TV viewing, month of assessment, systolic blood pressure, diagnosis of hypertension 16 







Table S7. Hazard ratios for the association of handgrip strength with all-cause mortality, CVD mortality and incidence by deprivation strata.  19 
Outcomes Total N Number of 
events 
Exposure (categories) HR for trend P-value P-interaction 
   Tertile 3 Tertile 2 Tertile 1    
All-cause mortality 279030 4083       
          Least deprived 61975 880 1.00 (Ref.) 1.10 (0.94; 1.29) 1.41 (1.20; 1.66) 1.18 (1.09; 1.29) <0.001  
 
0.024 
          2 59708 847 1.00 (Ref.) 1.18 (1.00; 1.39) 1.58 (1.33; 1.86) 1.25 (1.15; 1.37) <0.001 
          3 57254 843 1.00 (Ref.) 1.22 (1.03; 1.45) 1.63 (1.38; 1.93) 1.28 (1.17; 1.39) <0.001 
          4 54839 833 1.00 (Ref.) 1.14 (0.96; 1.36) 1.64 (1.39; 1.94) 1.29 (1.18; 1.40) <0.001 
          Most deprived 45254 680 1.00 (Ref.) 1.35 (1.10; 1.64) 1.69 (1.40; 2.05) 1.30 (1.18; 1.43) <0.001 
         
CVD mortality 279030 1089       
          Least deprived 61975 225 1.00 (Ref.) 1.12 (0.82; 1.52) 1.33 (0.96; 1.85) 1.15 (0.98; 1.36) 0.080  
 
0.006 
          2 59708 213 1.00 (Ref.) 1.16 (0.83; 1.60) 1.56 (1.12; 2.18) 1.25 (1.05; 1.48) 0.010 
          3 57254 230 1.00 (Ref.) 1.09 (0.78; 1.51) 1.75 (1.27; 2.39) 1.33 (1.13; 1.56) 0.001 
          4 54839 220 1.00 (Ref.) 1.43 (1.01; 2.02) 2.04 (1.46; 2.86) 1.43 (1.21; 1.69) <0.001 
          Most deprived 45254 201 1.00 (Ref.) 1.70 (1.16; 2.51) 2.14 (1.47; 3.12) 1.43 (1.20; 1.71) <0.001 
         
CVD incidence 279030 13409       
          Least deprived 61975 3000 1.00 (Ref.) 1.06 (0.98; 1.16) 1.24 (1.13; 1.36) 1.11 (1.06; 1.16) <0.001  
 
0.001 
          2 59708 2994 1.00 (Ref.) 1.20 (1.10; 1.30) 1.29 (1.18; 1.41) 1.14 (1.09; 1.19) <0.001 
          3 57254 2777 1.00 (Ref.) 1.14 (1.04; 1.24) 1.39 (1.26; 1.52) 1.18 (1.12; 1.23) <0.001 
          4 54839 2496 1.00 (Ref.) 1.16 (1.05; 1.27) 1.38 (1.25; 1.52) 1.17 (1.12; 1.23) <0.001 
          Most deprived 45254 2142 1.00 (Ref.) 1.24 (1.11; 1.38) 1.44 (1.30; 1.61) 1.20 (1.14; 1.26) <0.001 
         
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of handgrip strength and area level deprivation quintiles. The highest category of handgrip strength (tertile 3) was used as 20 
the reference category. The HR for trend indicates the change in the HR by one category lower handgrip strength. All analyses were restricted to participants with at least 2 years of follow-up. 21 
All analyses were adjusted for age, sex, ethnicity, professional qualifications, current employment status, smoking, body mass index, red meat intake, processed meat intake, fruits and 22 













Table S8. Hazard ratios for the association of self-reported walking pace with all-cause mortality, CVD mortality and incidence by deprivation strata.  31 
Outcomes Total N Number 
of events 
Exposure (categories) HR for trend P-value P-interaction 
   Brisk pace Average pace Slow pace    
All-cause mortality 279245 4087       
          Least deprived 62019 880 1.00 (Ref.) 1.08 (0.93; 1.24) 1.75 (1.31; 2.34) 1.18 (1.05; 1.34) 0.007  
 
0.666 
          2 59755 847 1.00 (Ref.) 1.14 (0.98; 1.32) 1.69 (1.27; 2.26) 1.21 (1.07; 1.37) 0.002 
          3 57290 843 1.00 (Ref.) 1.06 (0.91; 1.23) 2.03 (1.57; 2.64) 1.25 (1.11; 1.41) <0.001 
          4 54878 833 1.00 (Ref.) 1.07 (0.92; 1.25) 1.73 (1.33; 2.25) 1.21 (1.07; 1.37) 0.002 
          Most deprived 45303 684 1.00 (Ref.) 1.16 (0.98; 1.38) 1.64 (1.26; 2.13) 1.25 (1.10; 1.42) 0.001 
         
CVD mortality 279245 1090       
          Least deprived 62019 225 1.00 (Ref.) 0.98 (0.74; 1.31) 1.61 (0.92; 2.80) 1.11 (0.87; 1.41) 0.405  
 
0.062 
          2 59755 213 1.00 (Ref.) 1.08 (0.81; 1.45) 1.49 (0.84; 2.65) 1.15 (0.90; 1.47) 0.272 
          3 57290 230 1.00 (Ref.) 1.25 (0.92; 1.68) 3.11 (1.98; 4.88) 1.60 (1.26; 2.02) <0.001 
          4 54878 220 1.00 (Ref.) 1.12 (0.82; 1.51) 2.85 (1.81; 4.47) 1.51 (1.19; 1.91) 0.001 
          Most deprived 45303 202 1.00 (Ref.) 1.39 (0.99; 1.95) 2.27 (1.42; 3.61) 1.49 (1.18; 1.88) 0.001 
         
CVD incidence 279245 13416       
          Least deprived 62019 3001 1.00 (Ref.) 1.07 (0.99; 1.16) 1.37 (1.15; 1.63) 1.11 (1.04; 1.19) 0.002  
 
0.195 
          2 59755 2994 1.00 (Ref.) 1.06 (0.98; 1.15) 1.48 (1.26; 1.74) 1.13 (1.05; 1.20) <0.001 
          3 57290 2777 1.00 (Ref.) 1.17 (1.08; 1.27) 1.71 (1.46; 2.00) 1.24 (1.16; 1.32) <0.001 
          4 54878 2498 1.00 (Ref.) 1.09 (1.00; 1.19) 1.51 (1.29; 1.78) 1.16 (1.08; 1.25) <0.001 
          Most deprived 45303 2146 1.00 (Ref.) 1.10 (1.00; 1.21) 1.45 (1.24; 1.69) 1.17 (1.09; 1.26) <0.001 
         
Data presented as adjusted hazard ratio (HR) (95%CI) per categories of walking pace and area-level deprivation quintiles. The highest category of walking pace (brisk) was used as the reference 32 
category. The HR for trend indicate the change in the HR by one category lower in walking pace. All analyses were restricted to participants with at least 2 years of follow-up. All analyses were 33 
adjusted for age, sex, ethnicity, professional qualifications, current employment status, smoking, body mass index, red meat intake, processed meat intake, fruits and vegetables intake, oil fish 34 
intake, alcohol consumption, time spent viewing TV, month of assessment, systolic blood pressure, diagnosis of hypertension and medication for CVDs. 35 
 36 
 37 
 38 
